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A B S T R A C T
We explore whether a growth-ring analysis can produce additional information about carbon budgets in tropical
forests. Such forests are characterized by a high number of species and by trees that rarely have anatomically
distinct annual growth rings, which hampers the application of dendrochronological tools in carbon balance
assessments in the tropics. We use forest inventory data and archived annual diameter measurements from the
Luki Biosphere Reserve in the southwestern margin of the Congo Basin forest massif. In addition, dated wood
data are available from the same location thanks to tag nail traces that allow for the measurement of growth
increments over a period of 66 years.
We find that precise increment measurements based on dated wood are advisable for small subsets of many
less abundant species and for functional species groups characterized by slow growth. The dated wood approach
shows that many understory trees with non-periodical rings remain in a steady state for long periods of time.
These results suggest a dated wood approach is advisable for studies of growth trajectories of individual trees
that might be of importance for carbon assessments in degraded forests.
1. Introduction
Stocks and sequestration of forest carbon are typically addressed
through repeated tree-diameter measurements in permanent sample
plots. Such measurements provide key information about tree recruit-
ment and mortality. Tree growth can also be inferred by counting rings
and measuring their width or, more generally expressed, distances be-
tween two exactly dated positions of the cambium. The number of trees
studied in such a dated wood approach is commonly low in comparison
to those examined during a forest inventory, but the measurement
series can be much longer.
Tropical rainforests are rich in carbon (Lewis et al., 2015) and di-
verse in plant species (Huston and Marland, 2003; Pichancourt et al.,
2014). More than 25 % of all global carbon and 96 % of the world's tree
species are found in tropical forests (Poorter et al., 2015). The global
importance of tropical rainforests is at least partially a consequence of
their enormous stocks of carbon. The world forest carbon stock is as
high as 861 +/- 66 Pg; tropical forests represent 55 % of this carbon,
especially in their aboveground living components (Pan et al., 2011).
These quantities justify research into the carbon stock dynamics of
rainforests, especially as many questions remain unanswered regarding
the structure and functioning of these ecosystems (Kouadio et al.,
2014). Forest dynamics depend on vital ecosystem rates, including re-
generation, growth and mortality, which are to a large extent de-
termined by carbon losses and sequestration. Uncertainty about vital
rates hampers the establishment of sustainable forest management
practices (Bayol and Borie, 2004).
Because most forest carbon is comprised of woody tissues, there is a
particularly strong link between carbon sequestration and tree growth.
Established methods of tree-growth analysis can therefore be used for
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carbon assessments. Although there is increasing interest in growth
data for purposes of tropical forest management, earlier studies focused
largely on commercial species that are relatively rare in the forest
community (e.g. Détienne and Mariaux, 1977 for the African Meliaceae,
Dünisch et al., 2003 for Swietenia macrophylla King and Cedrela odorata
L. in the Central Amazon). However, data are lacking for the majority of
species (Kouadio et al., 2014).
Discussions are ongoing about the most appropriate method for
analyzing the growth of tropical rainforest trees. Many assessments are
based on repeated diameter measurements. Condit (1995) and Clark
et al. (1999, 2003) propose a multiannual interval of 5 years between
DBH (diameter at breast height) measurements in permanent sample
plots. This timeframe ensures more accurate growth data for individual
trees and eventually for stem biomass increments in the forest stand.
Tree-growth measurements are also possible through the so-called
plotless sampling design, in which the dimensional changes of several
individually selected trees are followed through time at high temporal
resolution (Houllier and Gimaret-Carpentier, 1998; Richardson and
King, 2013). In addition to repeated measurements of standing trees,
tree growth can be assessed through the analysis of pith-to-bark growth
patterns in the secondary xylem. This methodology often enables an in-
depth analysis of the influence of environmental conditions on tree
growth over a long period (Fritts and Swetnam, 1989; Dufour, 2006). A
principal condition of this approach is that at least two past cambial
positions can be exactly dated. Measurements of rings that are exactly
dated to the calendar year provide the basic metrics in den-
drochronology. Although dendrochronology has been applied re-
peatedly in the tropics (e.g. De Ridder et al., 2013; Brienen et al., 2016;
Worbes, 2002), it is less common in equatorial rainforests because of
difficulties in dating wood. Many equatorial species do not form rings
that are anatomically distinct and that can reliably be understood as
annual.
Many forest research institutions have established permanent plots
for the study of forest dynamics (Picard and Gourlet-Fleury, 2008;
Lewis et al., 2015; Phillips et al., 2019). These plots are used to study
floristic composition, forest structure and dynamics, recruitment,
growth, and mortality of trees, often in relation to drought impacts
(Ouédraogo et al., 2011). It has been shown repeatedly that growth,
mortality, and recruitment depend on diameter, functional group, and
social status (Díaz et al., 2013; Adler et al., 2014). Dominated and
understory trees grow much slower than upper-story trees, but accurate
information about their growth is sparse because of the high level of
uncertainty related to diameter measurements, especially when the
time intervals between censuses are small. A high degree of accuracy is
important when phenomena such as zero growth (reported by De Mil
et al. (2017) for Corynanthe paniculata and Xylopia wilwhertii) are being
addressed.
Repeated measurements of stem diameter at breast height (DBH) of
standing trees are not complex but require long periods of follow-up.
These measurements are prone to systematic errors, like divergent
points of measurement in different censuses (Rondeux, 1999). If the
time between censuses is short, measurement precision might not allow
for the detection of small or zero growth increments. The precision of
DBH growth measurements in a species-rich tropical rainforest is ex-
pected to be critical when trees are being classified into separate species
or species classes, like functional groups. Many species are not abun-
dant in a typical plot of 1 ha, which hampers an accurate growth as-
sessment. Studying individual species or subsets of species reduces
substantially the number of individuals, implying a high level of un-
certainty in growth data.
A dated wood approach, which is a retrospective analysis of growth
and can date back to the seedling stage (Schweingruber, 1988; Dufour,
2005), is based on very precise measurements of radial increments.
Highly accurate measurements of tropical tree growth are typically
obtained through high-resolution dendrometers or through wood that is
dated by artificially wounding the cambium (Couralet et al., 2010;
Krüger et al., 2014; Ehrlich et al., 2018). The question arises as to
whether an investment in high-precision measurements could improve
the assessment of rainforest carbon in certain cases, such as studies of
small, slow-growing trees, which are sometimes the oldest elements of
the rainforest (Hubau et al., 2019).
Observations from repeated diameter measurements have resulted
in accurate assessments of plot-level carbon stocks and sequestration in
tropical rainforests (Lewis et al., 2013; Hubau et al., 2019). The ques-
tion arises whether measurement accuracy is affected when (i) time
intervals between censuses are reduced, (ii) when growth rate is low or
(iii) when plot-level data is used to study individual species or func-
tional groups. It is essential to know whether an investment in a den-
drochronological or a dated wood approach could produce accurate
tree-growth information.
This study evaluates techniques for monitoring radial tree growth in
the Central African rainforest. It compares errors linked to repeated
diameter measurement methods, both in permanent plots and on in-
dividual trees, with measurements based on dated wood over different
time intervals, for individual species, and for subsets of understory
specialists, non-specialists, and canopy specialists.
2. Material and methods
2.1. Study area
The Luki Reserve is located at the southwestern margin of the Congo
within latitudes (05 124° 35′ and 05° 43′ S) and longitudes (13° 10′ and
13° 15′ E), in the Kongo Central province of the Democratic Republic of
the Congo, 120 km from the Atlantic coast. The reserve is considered to
be representative of the Mayombe forest (Lubini, 1997), which is part of
the Lower Guinean forest biome and classified as “central African moist
forest” (Fayolle et al., 2014). The climate is tropical wet Aw5 according
to the classification of Köppen (Peel et al., 2007), and is influenced by
the Benguela cold marine current, trade winds from the southeast
(Olson et al., 2001), and the proximity to the Atlantic coast. The rainy
season extends from October to May and the dry season is between June
and August, in some years extending into September (Couralet et al.,
2013). A small dry season is sometimes noticeable between December
and February.
2.2. Diameter measurements
Repeated measurements of diameter at breast height (DBH) were
made in permanent sample plots and in a plotless sampling design, both
of which were established and are managed by the Institut National
pour l’Etude et la Recherche Agronomiques (INERA), Luki Research
Station (Fig. 1). In 2009, a total of seven 1-ha plots were installed to
study tree dynamics. All trees with a DBH larger than 10 cm were
measured. Each tree was labeled with a metal tag and the point of
measurement (POM) was painted on the trunks. The DBH measurement
was done with a metal tape at a height of 1.3m; the height was adjusted
higher or lower as needed to avoid high buttresses or other stem irre-
gularities. The trees were re-measured in 2017 and 2018. These growth
data represent annual DBH increments over a 7−8-year period for 6727
trees from 166 species with a DBH between 10 cm and 153 cm. Ar-
chived field books allowed to include annual diameter measurements of
individual trees outside of a plot context from 1948−1957. These trees
were also monitored for phenology by INERA during the same period
(Couralet et al., 2010, 2013, Angoboy Ilondea et al., 2019). A redis-
covered old map made it possible to find the exact locations of 1117 of
these trees along a 29.2 km path in the Nkula park, which is part of the
Luki Biosphere Reserve (Fig. 1C). Information on mortality and annual
diameter measurements have been digitized, resulting in a dataset of
annual growth of 1117 trees between 1947 and 1957. Diameters varied
between 3.5 cm for Microdesmis puberula, an understory species, and
208 cm for Entandrophragma utile, a long-lived, light-demanding tree
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species.
2.3. Dated wood data
A total of 6,315 trees were tagged by the end of 1947 (INEAC, 1947;
Couralet et al., 2013). Between 2014 and 2018, we rediscovered and re-
measured 404 surviving tagged trees. Their DBH varied between 6.4 cm
(Cola bruneelii) and 170 cm (Prioria balsamifera). The nail marks in the
wood, originally from labeling of trees along a phenological trail, can
be considered as cambial pinnings. These constitute a unique oppor-
tunity to measure with relative precision the diameter growth of these
trees over the past 66 years. In 2014, 123 individuals from the redis-
covered collection with a DBH > 5 cm were sampled (89 sampled with
cores and 34 with stem segments). A nail mark was clearly visible in the
xylem of 59 samples, which showed no excessive wound tissue. Dis-
colorations in the cells formed before the nail was inserted, dates the
position of the cambium when it was nailed. The discolorations are due
to oxidation processes between the wood and the iron nail. Water in
vessels and fibers near the nail (especially those damaged by the nail)
spread these oxides upwards and downwards. The discoloration in
these cells is therefore also detectable in samples taken a few
centimeters above or below the nails. As such, the boundary of the
discoloration accurately serves as a timestamp indicating the year in
which the tree was nailed (1948). Furthermore, wound-induced irre-
gularities in the wood that was formed after the nail was inserted are
visible. This wound tissue is characterized by increased callus formation
around the nail, resulting in a lump in the growth rings formed just
after the nail was inserted (Hubau et al., 2019). The nail traces were
used to determine the amount of wood formed between 1948 and 2014
(the date of sampling). We assume that the first wood formed after
tagging developed during the wet season that started in October 1948.
For each core, the wood increment between 1948 and 2014 was
examined using a flatbed scanner and microscopes as described in De
Mil et al. (2017). The cores were surfaced with a core microtome
(Gärtner and Nievergelt, 2010) and scanned using a flatbed scanner at
2400 dpi (EPSON Perfection 4990 PHOTO). The increment between
1948 and 2014 was measured using a LINTAB measuring stage in
combination with TsapWin software (Rinntech, Germany) (Rinn, 2003;
Seo et al., 2007; De Mil et al., 2017), and from scans with ImageJ
(Schneider et al., 2012).
Fig. 2 gives an overview of all data, the relevant observation per-
iods, and the numbers of trees and species analyzed by each approach.
Fig. 1. Location of the Luki Biosphere Reserve: A) the reserve area with its core zone, buffer zone, transition zone, four enclaves with habitation and the Nkulapark, a
disjunct part of the reserve core zone, where the trees have been monitored for phenology and growth, B) the location of the Kongo Central province in the
Democratic Republic of the Congo, C) the location of the Luki Biosphere Reserve in the province of Kongo Central.
Fig. 2. Time frame, number of species and
number of individual trees sampled using each
of the tree-growth assessment approaches.
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2.4. Data analyses
The radial increment data were grouped by tree-size classes to vi-
sualize the probability distribution functions. Probability distribution
functions were established for: (1) the annual DBH measurements of
individual trees in the plotless sampling system between 1948 and
1957, (2) the DBH data related to the permanent plot censuses of 2009
and 2017/2018, and (3) the increments calculated from dated positions
of the cambium. The calculation of the fractional uncertainty allowed a
comparison between uncertainties resulting from single measurements
like those of radial increments and those from repeated measurements
in a statistical approach. The annual DBH growth of the trees in the
plotless sampling system is calculated based on the tree’s performance
from 1948 to 1957 and, for the rediscovered trees, from 2014 to 2017.
When a reported value is determined by taking the average of a set
of independent readings, the fractional uncertainty is given by the ratio
of the uncertainty divided by the average value.
=
Uncertainty
Average
xFractionaluncertainty 100
(1)
When a set of several repeated readings has been taken, the mean x ,
and estimated standard deviation, s, can be calculated. From these, the
uncertainty is the estimated standard deviation of the mean or standard
error, u, and is given by:
=u s
n (2)
where n is the number of measurements in the set. The fractional un-
certainty is obtained by dividing the standard error by the average
value and is expressed in %.
Descriptive statistics, including fractional uncertainties, were pro-
duced for subsets of trees classified as understory specialists, non-spe-
cialists, and canopy specialists. This classification is based on the Crown
Illumination Index (CII) according to Dawkins and Field (1978). Fig. 3
illustrates the three classes with a drawing modified from Synnott
(1979). Each tree species was attributed to one of the CII classes based
on published data (Hubau et al., 2019). The five CII were further re-
duced to three groups that express the species’ light needs: understory
specialists= CII-1, non-specialists= CII-2 and CII-3, canopy specia-
lists= CII-4 and CII-5 (Fig. 3).
The DBH growth averages from the three different sampling ap-
proaches were compared using the R package “ggpubr”: “stat_compar-
e_means” function, (Kassambara, 2017). An ANOVA was performed and
multiple two-to-one comparisons were made using Student's t-tests as
the critical test statistic. All analyses were made in the R environment
(R Core Team, 2016).
3. Results
3.1. Pooled annual growth data
The census data from the permanent sample plots reveals baseline
information about the forest communities in Nkulapark. Stem density in
the Nkula plots is rising or constant between 2009 and 2018, with the
exception of one plot. Tree-species richness varies between 50 and 90
species per ha (Table 1). The fractional uncertainty of the average an-
nual increment for these pooled data is lower than 5% in each plot.
The probability distribution plots of the annual DBH growth show
noteworthy differences between censuses (Fig. 4). The trees along the
phenological monitoring trails that have been annually measured (the
plotless sampling design) show more cases with small or negative va-
lues (DBH growth shows a peak around zero). This is the case even
when DBH measurements are averaged over the whole 1948−1957
period. For longer observation intervals (Fig. 4(g), (h), (i), and (j)), the
maximum frequency is in class 1 (DBH growth of 1mm per year). The
frequencies of higher increments become gradually lower with in-
creasing interval length. The 1948–2014 increment from the dated
wood approach (Fig. 4) confirms a maximum DBH growth of 1mm per
year. Mean annual DBH growth changes with the length of the interval
between measurements. The plotless sampling from 1948-1949 reveals
that the fractional uncertainty of the full dataset is 2.49 % (Fig. 4(a))
and that the growth distribution data is still irregular. The fractional
uncertainty for longer intervals stabilizes at a lower level (1.61 % for
plotless sampling and for the intervals 1948–1956 and 1948−1957,
Fig. 3. Crown Illumination Index reduced to three groups as a function of light needs (adapted from Hubau et al., 2019). The yellow arrows to represent the amount
of sunshine a certain class gets.
Table 1
Number of trees (N), basal area, number of species (S), mean radial increment,
and fractional uncertainty (%) for 7 1-ha permanent forest plots.
Plot N
2009
N
2018
S
2009
S
2018
Basal
area
2009
(m²
ha−1)
Basal
area
2018
(m²
ha−1)
Mean
radial
increment
(mm yr−1)
frc.unc
(%)
Mbamba1 369 369 82 89 22.9 24.2 1.89 1.92
UH 49 421 427 70 74 25.1 27.4 2.01 2.99
Limba 357 449 59 72 18 23.6 3.62 0.68
Nk_Crête 477 459 47 51 33.7 34.3 1.50 2.63
Nk_Plateau 523 535 48 52 26.7 29.2 2.29 3.19
Nk_Masevo 393 439 50 58 24.6 25.2 1.94 1.89
Nk_Source 464 474 60 64 27.2 29.1 2.32 1.25
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Fig. 4(g) and (h)). The time interval between diameter measurements is
a key factor in reducing the uncertainty of the measurements (Strayer
et al., 1986). Short intervals (1–4 year) between censuses result in some
negative growth values that, logically, need to be corrected before
further analysis. Longer intervals (such as from 5 years) allow for good
general growth estimations: there are only a small number of incidences
of negative growth and the probability distribution shows a smooth
inversed J-shape. Fractional uncertainty in this plotless experimental
Fig. 4. Probability distribution plots of DBH increments in plotless sampling: (a)-(j), dated wood: (k), and plot census approach 2009-2018: (l). The bars show the
number of trees per DBH class, the red curve shows the density probability by DBH class, and the discontinuous black vertical line indicates the zero-increment point.
B. Angoboy Ilondea, et al. Dendrochronologia 62 (2020) 125723
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design varied according to the measurement intervals but remained
high for long periods of time (Fig. 4i and j). The increments derived
from the inventories in the 7 1-ha permanent sample plots (2009 and
2018 inventories; Fig. 4(l)) show a regular distribution of growth data
with high frequencies in class 0, some cases with negative increments,
and gradually lower frequencies of fast-growing trees.
The results of the different assessment approaches are compared
with a Student's t-test, which highlights statistical differences between
the means (supplementary Table 1).
3.2. Subsets: functional groups
Sub-setting the pooled dataset to classify the 196 species according
to their CII classes provides information about the fractional un-
certainty of the measurements associated with each functional group
(Table 2).
DBH growth of the three functional groups according to the three
different assessment approaches is shown in Fig. 5. The three functional
groups show stronger growth more often in plotless sampling
(1948−1957) and plot census data (2009−2018) than they do in the
dated wood approach. Understory specialists are represented by many
trees with increments close to zero or even negative. Fig. 5 reveals
important differences in the increment distribution according to the
position in the canopy. The DBH growth distribution is continuous for
direct increment measurements and for census data with high numbers
of observations, such as for understory specialists. Several increment
classes are lacking or show unexpectedly low frequencies compared to
classes just below or above. This might be due to systematic measure-
ment errors.
Plotless sampling (1948−1957) and plot data (2009−2018) show
higher increments more frequently than ring-width measurements.
Particularly in the case of non-specialists there seem to be instances of
strong growth (especially for shorter observation periods in the per-
manent sample plots). This is probably related to the nature of this
class, which consists in part of trees growing higher into the canopy.
The plotless approach reveals for the 1948−1957 period an average
increment for the three functional groups that is similar to those found
in permanent sample plots. The fractional uncertainty is highest for the
plotless approach, followed by the plot inventory and the direct mea-
surements of increments between two dated positions of the cambium.
The ANOVA and Student's t-test applied to DBH growth show sig-
nificant differences between the three approaches (Fig. 5). Table 2
shows that the fractional uncertainty remains high for plotless sam-
pling, followed by inventories in the permanent sample plots and as-
sessments of dated wood. Mean increment values differ according to the
approach. The highest values are found among the canopy specialists in
the plotless approach. Understory trees show small increments, as re-
vealed in the dated wood approach based on the increment covering the
period 1948–2014. The fractional uncertainty is generally low for the
dated wood approach and for each functional group. It is high for non-
specialists, as revealed by the plotless approach: 7.95 % for the
1948−1957 period (Table 2).
The boxplots in Fig. 5 illustrate the degree of variability found in the
computed increment values of the three functional groups according to
the approach used. Plotless sampling 1948−1957 rarely produces ne-
gative values for canopy specialists and non-specialists, but many
anomalous values for understory specialists (CII 1). The same is true for
the census data from the permanent sample plots. Ring-width mea-
surements (Fig. 5) reveal a narrow distribution of growth data and
significant differences between the different functional groups. As for
the functional groups, canopy specialists (CII 4 and 5) have a wider
distribution in the permanent sample plots compared to the dated wood
approach. On the other hand, non-specialists (CII 2 and 3) have a
broader DBH growth distribution by the plotless sampling approach.
Understory specialists (CII 1) show a narrow distribution in all cases.
The census approach and the plotless sampling show the same trend
even if the absolute values are different (Fig. 5). A significant difference
is observed between the three crown illumination classes (p-value<
0.05) and between the three growth measurement approaches (Fig. 5).
3.3. Subsets: individual species
The number of trees per species is rather low (between 1 for Ceiba
pentandra, Isolona dewevrei, Lannea welwitschii, Microdesmis puberula,
Prioria oxyphylla, and Pteleopsis hylodendron and 14 for Prioria balsami-
fera), but the observation time in the dated wood approach is ex-
ceptionally long compared to that of common cambial pinning experi-
ments. The radial increment between the nail marks of 1948 and 2014
varies between 0.3 and 1.4 mm yr−1. The fractional uncertainty related
to the measurements of each individual tree is also low and varies be-
tween 0.01 % and 0.04 % for annual increments.
The DBH growth and the fractional uncertainty of the 16 species
that are common in the three approaches are given in Table 3 and
Fig. 5. The plotless sampling showed the highest variability compared
Table 2
Comparison of mean, standard deviation (st.dev), standard error (st.err), and fractional uncertainty (frc.unc) of the DBH growth data for the three functional groups
within each dataset. Census approach 2009-2018: the plot data are from a census in 2009 (installation of the plots) and a repeated census in 2018. The plotless
sampling data (1948-1957) are from annual diameter measurements made between 1948 and 1957. The dated wood approach uses pith-to-bark ring-width mea-
surements.
Functional groups Parameters Census approach: 2009−2018 Plotless sampling: 1948−1957 Dated wood approach: direct increment measurements
Canopy specialists N 3379 trees 321 trees 23 trees
(3555 rings)
mean (mm yr−1) 2.931 4.510 2.895
st.dev (mm yr−1) 2.087 3.390 1.939
st.err (mm yr−1) 0.036 0.189 0.034
frc.unc. (%) 1.23 4.2 1.17
Non-specialists N 579 trees 104 trees 5 trees
(560 rings)
mean (mm yr−1) 1.755 4.350 1.703
st.dev (mm yr−1) 1.403 3.530 1.286
st.err (mm yr−1) 0.058 0.346 0.054
frc.unc. (%) 3.30 7.95 3.17
Understory specialists N 2769 trees 692 trees 31 trees
(2594 rings)
mean (mm yr−1) 1.599 2.360 1.394
st.dev (mm yr−1) 1.942 2.470 0.877
st.err (mm yr−1) 0.037 0.094 0.018
frc.unc. (%) 2.31 3.98 1.29
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with plot inventories and the pith-to-bark ring-width measurements.
The average fractional uncertainty for the three datasets highlights a
relatively high value for plotless sampling and for the plot censuses.
Direct measurements of increments between dated positions of the
cambium resulted in the lowest uncertainties. For each of the species,
the increment in the permanent plots is the highest. The fractional
uncertainty is highest in the plotless sampling, especially when the
number of trees per species is low. It drops below 5% for the ring-width
measurements of most species, except for Ceiba pentandra and Zan-
thoxyllum gilletii, for which the number of individuals is very low. The
number of nail-marked trees is too low to assure statistical certainty
with regard to mean growth at the population level (Table 3).
The uncertainty of all growth measurements varies according to the
approach used and the time between measurements (Fig. 4). The census
approach results in a wider distribution of increment values for many of
the species, whereas direct increment measurements give narrower
distributions. Plotless sampling follows the same trend as the census
approach but with a weaker frequency. Ceiba pentandra and Allan-
blackia floribunda had a wide distribution in the census approach; this
was not the case for the plotless sampling and the measurement of wood
increment between two dated positions of the cambium. This last ap-
proach shows fewer outliers than the two other methods (supplemen-
tary material, Table 2). The ANOVA and Student’s t-test for the 16
common species show significant differences between the three mea-
surement approaches (p-value<0.05; Supplementary material, Fig. 1).
4. Discussion
The assessment of carbon stocks and sequestration are typically
estimated by repeated tree-diameter measurements in permanent
sample plots (Alder and Synnott, 1992; Synnott, 1992; Talbot et al.,
2014). Other estimations are based on tree-ring width measurements
which are, more generally expressed as distance measurements
between two dated positions of the cambium. For every measurement
there is always a margin of uncertainty, even when done carefully
(Roebuck et al., 2009). Rondeux (1999) mentions the errors related to
tree-diameter measurements, which he qualifies as instrumental errors
linked to the quality of the measuring tape, the visibility and quality of
the tape graduations, and other mechanical sources of error, such as
inclination, point of measurement, and tension of the tape. However,
the uncertainty of stand-level features like basal area might be accep-
table given sufficient measurements. The plot censuses in 2009 and
2017/2018 showed that the basal area in Luki is 28.2 m² ha−1 (mean
fractional uncertainty of 0.57 %), which is lower than the average value
for African rainforests (30.3 m² ha-1) and the Central African forests
(31.5 m² ha-1) in particular. However, the basal area in Luki is higher
than it is in the West African forests (26.4 m² ha-1) and the east African
forests (27.4 m² ha-1) (Lewis et al., 2013). Luki forests are similar to
those reported for the National Park of Odzala in Congo Brazzaville
(Kouka, 2002) and those in the equatorial forests of the Democratic
Republic of the Congo (Omatoko et al., 2015). The low values for basal
area may be due to the environment of Luki. Located at the southern
margin of the rainforest belt, Luki experiences less precipitation than
elsewhere. Slik et al. (2010) mentions the negative correlation between
rainfall and basal area, carbon stocks, and stand density. However, the
Luki forest is characterized by a lot of fog and high relative humidity
during the dry season (Lubini, 1997; Couralet et al., 2010; De Mil et al.,
2017). Tree growth in Luki depends strongly on seasonal precipitation,
contrary to Borneo’s tropical forests (Slik et al., 2010). The observed
low basal area may also be characteristic of forest stands that are still
accumulating biomass.
Systematic measurement errors may mask slow growth. Such errors
are typically a consequence of technical measurement issues (Talbot
et al., 2014), e.g influence of buttresses, periderm renewal, shrinkage or
swelling of stems not related to growth, and tree bole shapes. Many
incidences of negative increment in the datasets used in this study can
Fig. 5. DBH growth according to tree crown illumination index (CII) (Dawkins and Field, 1978). Boxplots show the distribution of growth values for each approach:
plotless sampling (1948-1957), census data (2009-2018), and dated wood (1947-2014). P-values resulted from ANOVA and Student's t-test.
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be understood as resulting from both the difficulty in measuring small
diameters with a measuring tape and from systematic errors. Age esti-
mates based on repeated DBH measurements will, as a consequence,
likely be unrealistic for very small increments, and will be impossible
for zero and negative increments. Some authors recommend longer
time intervals between censuses (Biondi, 1999; Clark et al., 2007;
Talbot et al., 2014). This study confirmed that long intervals between
censuses are essential for good estimates of DBH growth (Clark et al.,
1999, Clark et al., 2003) at the plot level.
Our comparative study also confirmed that the fractional un-
certainty of growth measurement is highest for the plotless approach.
However, these historical data (covering the period 1948−1957) were
probably not collected following a standardized method, resulting in a
high level of measurement errors. Fractional uncertainty is lowest for
the measurements based on dated wood. For subsets of individual
species, this dated wood approach is essential for obtaining an accep-
tably low degree of fractional uncertainty.
The phenomenon of extremely slow growth is typical for the un-
derstory of tropical dense moist forests, although understory growth has
been much less studied than canopy growth. The understory is often
characterized by a stable microclimate (Senterre, 2005; Couralet et al.,
2010) with few deciduous trees (Gourlet-Fleury et al., 2004). The un-
derstory is believed to play a major role in forest regeneration
(Alexandre, 1989) and has been shown to constitute a sizable, stable
carbon stock, given the low mortality (Hubau et al., 2019). Understory
specialists have developed a remarkable ability to establish and grow
beneath a canopy (Landhäusser and Lieffers, 2001). Many of these
species never reach the canopy and their growth is generally very slow
(Couralet et al., 2010, Gourlet-Fleury et al., 2004; Hubau et al., 2019).
The mean age of understory wood is as old as that of canopy and sub-
canopy trees (Hubau et al., 2019). Our results show that slow growth
rates are maintained for long periods, resulting in relatively small
diameters at older ages. Understory trees show more prominent aper-
iodic growth patterns with annual radial increments of 1.52mm.
In this study, we find that species can exhibit an extraordinary range
of growth rates, from 0.29mm yr−1 (M. puberula) to 2.46mm yr−1 (C.
petandra). Only the dated wood approach can provide accurate assess-
ments of such slow growth rates. This is also true in cases in which the
Table 3
Annual DBH growth and fractional uncertainty of the growth data for the 16 species common to the three datasets. For the dated wood approach, N represents the
number of rings in the pith-to-bark ring-width measurements.
Species Parameters Census approach 2009−2018 Plotless sampling 1948−1957 Dated wood approach
Allanblackia floribunda N 351 39 339
DBH growth (mm yr-1) 5.16 1.63 0.9
Frc.unc. (%) 4.70 14.23 3.16
Ceiba pentandra N 113 2 107
DBH growth (mm yr-1) 9.69 6.08 1.34
Frc.unc. (%) 8.61 99.98 5.73
Celtis mildbraedii N 441 128 350
DBH growth (mm yr-1) 2.59 1.24 0.87
Frc.unc. (%) 7.604 8.11 3.171
Corynanthe paniculata N 629 103 476
DBH growth (mm yr-1) 1.96 1.55 1.18
Frc.unc. (%) 3.875 9.33 2.89
Funtumia elastica N 579 104 560
DBH growth (mm yr-1) 3.22 2.15 1.2
Frc.unc. (%) 3.322 7.97 3.187
Greenwayodendron suaveolens N 458 108 350
DBH growth (mm yr-1) 3.21 1.96 0.98
Frc.unc. (%) 5.911 9.13 3.449
Hexalobus crispiflorus N 368 62 360
DBH growth (mm yr-1) 4.41 1.21 0.94
Frc.unc. (%) 4.727 13.04 3.691
Hylodendron gabunense N 151 104 467
DBH growth (mm yr-1) 3.56 4.52 4.49
Frc.unc. (%) 13.35 7.09 3.3
Isolona dewevrei N 111 132 67
DBH growth (mm yr-1) 2.64 1.15 0.71
Frc.unc. (%) 14.588 12.19 3.342
Lannea welwitschii N 112 23 103
DBH growth (mm yr-1) 3.78 3.28 1.17
Frc.unc. (%) 10.90 25.37 4.48
Monodora angolensis N 233 44 219
DBH growth (mm yr-1) 2.12 1.48 0.74
Frc.unc. (%) 4.66 12.88 3.38
Prioria balsamifera N 2785 203 2696
DBH growth (mm yr-1) 3.66 2.65 1.13
Frc.unc. (%) 1.22 4.48 1.2
Pteleopsis hylodendron N 113 54 93
DBH growth (mm yr-1) 2.97 0.72 0.41
Frc.unc. (%) 9.61 11.96 9.2
Trichilia gilgiana N 339 75 305
DBH growth (mm yr-1) 3.16 2.21 0.75
Frc.unc. (%) 6.74 11.04 3.46
Vitex welwitschii N 95 40 84
DBH growth (mm yr-1) 0.18 0.3 0.86
Frc.unc. (%) 6.71 17.14 5.7
Zanthoxyllum gilletii N 28 62 116
DBH growth (mm yr-1) 4.05 1.63 1.87
Frc.unc. (%) 37.84 15.33 11.42
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number of individuals in a subset is low or when the interval between
measurements is short. Measurements of DBH in sample plots should be
accurate enough to allow for reliable estimations of tree growth when
all species are being pooled.
Intact forests typically have stem densities high enough for repeated
diameter measurements over long inventory cycles. The influence of
local disturbances on forest productivity can be more easily detected
when the interval is long. In strongly degraded forests, the number of
trees might not be sufficient for reliable growth estimates at the stand
level. The lower stand density in such forests (ITTO, 2002) has a sub-
stantial effect on carbon uptake capacity. This is an important con-
sideration in the context of debates about reducing emissions from
deforestation and forest degradation. Carbon storage and sequestration
by forest ecosystems is an important policy option for climate change
mitigation (Hubau et al., 2019). It is crucial to evaluate the different
approaches for estimating tree growth and providing a reasonable
quantification of forest carbon dynamics. Accurate assessments of
carbon stocks and sequestration in degraded forests based on census
data in permanent sample plots is difficult since the stand density has
been substantially altered, impacting the growth of remaining trees.
Given the low number of trees, the extra efforts are needed to produce
accurate estimations. Growth-ring analysis offers an appealing ap-
proach for reliable growth valuations. This confirms that systems of
measuring, reporting, and verifying carbon sequestration in forests
should work at different scales, and considering the tree species, the
stand, and the region (Panzou et al., 2016).
5. Conclusion
Tree growth is an important parameter for forest management but
precise information about many species is still lacking for dense tropical
moist forests. Stand-level carbon dynamics can be accurately addressed
when data for a large number of individuals covering many species are
pooled. However, uncertainty issues are likely to arise when comparing
functional groups or even individual species in a typical species-rich
forest. In these cases, investments in higher measurement precision
should be considered. Dated wood of standing trees provides key in-
formation about the occurrence of extremely low growth rates or steady
state conditions of certain ecosystem components, such as in understory
trees.
When stand-level carbon assessments in the rainforest are needed,
we recommend classical diameter measurements in permanent sample
plots. This assessment gives a reliable estimation of the carbon stock. A
repeat census in such plots after an interval of at least five years pro-
vides consistent information about carbon sequestration by the forest
community. This approach depends on rigorous data quality control
and an error correction protocol, especially for slow-growing trees.
Repeated diameter measurements of individual trees often result in
good estimations of radial growth or carbon sequestration. Systematic
repeated diameter measurements in plots or in a plotless design are
resource-intensive and require long-term institutional support.
Similarly, the length of time intervals between censuses exceeds that of
typical research projects. In such cases, it may be necessary to invest in
a retrospective analysis of tree growth. Moreover, many research pro-
jects in the domain of forest ecology and management need subsets of
community data, which often results in a very low number of in-
dividuals. In these cases, an approach based on tree-ring measurements
or cambial pinning is appropriate.
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